This paper describes the continuous micro indentation hardness testing of two commercial grades of RDX with differing shock sensitivities using three (3) different loads on a Berkovich indenter to obtain values of elastic modulus, hardness, and the fraction of elastic work. Indentation creep behavior was also investigated. All of this was performed in an effort to relate these mechanical property results to the materials' hot spot characteristics. While the two grades of RDX are known to have significantly different sensitivities, only minimal differences in the current hardness results were obtained.
Introduction
Quantitative methods have been developed to evaluate and characterize the quality of energetic particles to differentiate high quality energetic crystals from common used crystals. Most known is a pycnometer to measure particle density, scanning electron microscopy or optical microscopy to observe crystal morphology and internal defects, X-ray diffraction and nuclear quadrupole resonance to probe lattice effects. The shock sensitivity of RDX is influenced by many factors such as crystal size, crystal morphology, internal defects and surface defects. The internal defects at the micro range may be revealed by micro indentation measurements. Sharma et al. (1997) examined the structure of crystal defects in damaged cyclotrimethylene trinitramine (RDX) (C3H6N6O6) during indentation, heat, or underwater shock using atomic force microscopy. It was concluded that RDX in its orthorhombic space group (Pbca), with a= 1.3182 nm, b= 1.1574 nm, c= 1.0709 nm, and z= 8 is a fragile solid. It loses integrity at stresses far below those required for any chemical reaction. Indentation generated a large number of triangular dislocation pits, which in their turn produced fissures, cracks and holes that merges. In the case of heating, in addition a large amount of delamination was shown. The thermal expansion coefficient differs in different direction of the crystal. During shock of 12.9 GPa the crystal becomes a three dimensional mosaic structure full of cracks and fissures with the size of 100-500 nm. In all cases particles of the size 20-500 nm were ejected onto the surface as debris from the formation of defects.
In a reduced sensitivity RS-RDX round robin program optical microscopy was used with matching refractive index media for internal defects examination and contrasting refractive index media for morphology examination. The method had some ability to distinguish between different types of RDX (Watt et al. 2006) . Results from internal defects showed that crystals type II RDX (RDX for short) had a higher number of small defects (less than 10 micron) compared to RS-RDX. The number of crystals that were cloudy/dark was less for RS-RDX. However, it was also shown that the number of crystals that were smooth was significantly higher for RS-RDX . A large discrepancy in the total score of internal defects awarded by different labs was achieved (Watt et al. 2006 ). Hudson et al. (2011) concluded that Differential Scanning Calorimetry did not identify RS-RDX characteristics per se but was able to determine the presence of HMX in the RDX sample. Doherty and Watt (2008) found that although most RDX that exhibits low sensitivity had low HMX content, low HMX content was not sufficient to guarantee low sensitivity Hagan and Chaudhri (1977) found Vickers hardness of 24.1 kg/mm 2 for single crystals of RDX of the size 10 mm x 5 mm x 2 mm grown in the laboratory when applying loads from 150-700 mN. RDX was obtained from recrystallization from solution in dimethylformaide. Cracks appeared with the Vickers diamond even for the smallest load. Assuming the Young's modulus of E=18.4 GPa, the fracture surface energy was 0.11 J/m 2 and 0.07 J/m 2 for two cleavage planes. It was assumed a Poisson ratio of 0.22 for the RDX. The surface energies compares with an estimate of 0.07 J/m 2 based on contact angle measurements (Elban 1979 Armstrong and Elban (1989) concluded based on Vickers micro indentation that RDX crystals are relatively easy to crack. The movement of dislocations is severely restricted and plastic flow at the residual indentation field is significantly localized. Vickers hardness measurement were made on a large as-grown surface of an un-mounted prismatic RDX crystal of apparent gem quality using a Tukon micro hardness tester for loads ranging between 25 and 250 g. A four point stage was used to level the crystal surface prior to each measurement. Hardness measurements were from 245-363 MPa, and the surface energy was 0.12 J/m 2 . It was estimated that the minimum load for cracks to develop is 130 mN. The smaller the indentation size the greater the hardness. Table 3 and Table 4 (stiffness). The particles were grinded and polished. The reduced elasticity was from 16.6 to 18.0 GPa. The hardness was not reported but was calculated by using the reported stiffness to be 440-543 GPa (Weingarten and Sausa 2015). Weingarten and Sausa (2015) studied nano mechanics of RDX single crystals by force-displacement measurements using the Berkovich triangular indentation tip, and molecular dynamics simulations. The (210) surface exhibited more stiffness than the (001) surface. The (001) surface exhibits isotropic compression during indentation, whereas the (210) surface showed anisotropy during indentation at similar loads. The reduced modulus and the indentation hardness for the (210) surface were 22.9 GPa and 798 GPa respectively.
There are many similarities between the previous micro indentation results but the difference between suggested slip systems and material strength parameters in RDX have not been completely resolved. The differences may be attributed to the use of different crystallization techniques, loads, tip geometries, and grounding and polishing techniques. Numerical simulations of micro hardness may be useful tool for better understanding. Due to the morphological structure our commercial grade RDX needs to be embedded in an epoxy matrix and further grinded and polished to reveal a flat surface for hardness or elasticity measurements (Hudson et al. 2012 , Bouma et al. 2013 ).
In this article we perform a somewhat limited, but practical number of indentation tests. We extract the Young's modulus (Eit), indentation hardness (Hit), creep (Cit), and fraction of elastic work ( it  ), by using the Berkovich triangular indentation tip with loads up to 200 mN.
In Section 2 we show the set up. In Section 3 we present the results, whereas we conclude and make some discussions in Section 4.
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The experimental set up and micro indentation analyses
A number of crystals/particles/grains of RDX and RS-RDX were delivered from Chemring Nobel AS. Standard RDX was not treated to obtain reduced sensitivity. Improved RDX was produced by Chemring Nobel AS to give a higher purity, good packing density, and a low viscosity in cast cure compositions. RS-RDX was based on improved RDX and was achieved by further post treatment to lower the sensitivity.
To obtain representative samples a number of RS-RDX crystals (10 mg) were arbitrary taken and placed into the mould. Resin was poured into the mould of height 1.5 cm and diameter 3.0 cm. The resin was allowed to cure for 24 hours at room temperature. After solidification, the surface containing embedded crystals was grounded for one minute using 1200 grit sandpaper and water to expose the crystals and provide a smooth surface. Further polishing for 0.5 minute with 0.05 µm alumina paste provided a mirror finish as seen in Figure 1 . The same procedure was applied for RDX. All measurements were performed while using masks.
The micro indentation tests were performed on a Shimadzu Dynamic Ultra micro Hardness Tester (DUH-211S). A Berkovich indenter (Triangular 115°) was employed, and the tip area was calibrated using a reference specimen of fused quartz. Analysis of the tip calibration and the calculation of the elastic modulus, hardness, and creep followed the Oliver Pharr method (ISO14577-1). We construct an indentation matrix with a number of indents in each crystal. The load control method is used. The maximum forces were 10 mN, 100 mN or 200 mN. The loading rates were 0.4777 mN/s, 4.4413 mN/s, and 10.0096 mN/s respectively. The holding times at maximum force were 5 seconds as baseline, but for some of the tests we use 30 second (see Figure 5 ).
For each measurement force vs time ( Figure 2 ) and depth vs time ( Figure 3 ) were produced as two data sets. From these two data sets Young's modulus, hardness, creep, and fraction of elastic work were calculated. For the 10 mN force in Figure 6 the difference between RDX and RS-RDX is insignificant both when using average together with standard deviation, and when using median together with mad. The same conclusion applies for the 100 mN and the 200 mN force. It can be seen that Eit decreases with increasing load. This is in agreement with Hudson et al. (2012) and Weingarten and Sausa (2015) . Probably, increasing loads decreases crystal strength and hardness due to cracking. The elastic modulus is measured during unloading and thus after maximum force. If maximum force is above the strength of the crystal cracks are developed. It is reason to believe that the elastic modulus is influenced by the number cracks in the crystal that may increase with the load ( see also (Figure 12 ). In Figure 13 and Figure 14 we sum up different results in the literature. Both the Eit and Hit are decreasing with the load. In Figure 15 we The scatter in the data simply seems too large. Fraction of elastic work shows some interesting result. It appears that the elastic fraction is significant lower at 100 mN than at 10 mN and 200 mN for one particular crystal. It may be that for the fraction of elastic work, differences between crystals are larger than differences within crystals. The 200 mN RS-RDX shows larger elastic fraction than other cases. However, the conclusion is based on the median together with the mad, and it does not follow when using average together with standard deviation.
Summary and conclusions
We measured the elasticity, hardness, creep, and fraction of elastic work of two different types of RDX. The effect of holding time at max force was also studied. The reduced sensitivity Chemring Nobel AS RDX is known to be less sensitive than traditional RDX in shock test but we did not find significant differences between RDX and the reduced sensitivity RDX in Young's modulus or indentation hardness. The Young's modulus and the hardness decreased with increasing load from 10 mN to 200 mN. The scatter in creep was too large to be useful for any conclusions. Holding time at maximum force did not influence the results. The 200 mN RS-RDX shows larger elastic fraction than other cases. Hudson et al. (2012) found by applying micro hardness tests differences in elastic modulus between Chemring Nobel AS RS-RDX and RDX in their Table 3 and  Table 4 . A difference may not be statistically significant unless a large and almost impractical number of tests are performed. In addition a question is how to cope with often observed outliers in the statistical material. It is notable in this regard that it may be that the number of tests we performed in this article were not many enough to reveal significant differences in elasticity and indentation hardness between RDX and RS-RDX. However, our data clearly revealed that Young's modulus and hardness decrease with increasing load. This may be seen as a validation of the results. Increasing loads on crystals decreases strength and hardness due to cracking. We may forecast that differences in fraction of elastic work between crystals are larger than differences within crystals.
The necessary use of a very large number of tests to reveal difference between RS-RDX and RDX may lead to impracticality of the hardness test for our application. Further studies are necessary to reveal this matter and to examine whether RDX compared to RS-RDX may show a small number of crystals with a high number of internal defects that acts as triggers for reaction during shock. 
